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ARTICLE INFO
ABSTRACT

Keywords: .. . . . .o . .
Plasticity of irradiated UO, is of major interest to improve the risk assessment of the nuclear

uo, fuel cladding failure in the case of design basis accidents. In this study, we investigate the
main irradiation-hardening processes induced by {110} irradiation loops interacting with glissile
dislocations of the primary slip system, 1/2<110>{001}, of UO,. The interactions are simulated
at two scales using molecular dynamics and discrete dislocation dynamics, to characterise local
interactions and identify strengthening configurations as a function of the dislocation-irradiation
molecular dynamics loop geometry. In particular, we show that 1/2<110>{001} screw dislocations can be strongly
pinned by helical turn configurations. Statistical large-scale discrete dislocation simulations
are performed to investigate the collective behaviour of a large density of irradiation defects
and quantify irradiation hardening. Several microstructural processes including loop drag and
shovelling are observed and their involvement in clear band formation and hardening of UO,
fuel at high temperature is discussed.

dislocations

irradiation loop

discrete dislocation dynamics

1. Introduction

Understanding the mechanical behaviour of nuclear power plant constituents and fuel under nominal, transient, and
incidental conditions is of major interest for nuclear safety (Zinkle and Was 2013; Frazer et al. 2021). Uranium dioxide
(UO,, fluorite structure) is the most commonly used fuel in the nuclear industry. During hypothetical accidental
operations (last stage of power transient), the temperature in the centre of fuel pellets increases up to ~2300 K (Michel
et al. 2013), which promotes creep deformation and can compromise the fuel integrity. To address the fuel behaviour
under these conditions, it has to be considered that UO, fuel pellets are subjected to microstructural changes including
the formation of point defects such as vacancies, interstitials, Frenkel pairs, efc. and extended defects such as bubbles
(group of vacancies) that accommodate fission gas products (Baker 1977; Sonoda et al. 2002; Panetier et al. 2022),
{110} and {111} prismatic loops that are generated by the accumulation of irradiation-induced interstitial atoms
(Whapham 1966; Jonnet et al. 2008; Ye et al. 2011; He et al. 2014; Onofri et al. 2016; Onofri et al. 2017; Onofri et al.
2020). Irradiation defects are known to modify the mechanical stability of crystalline materials. While their effect has
been intensively studied in structural metals and alloys (Li et al. 2014; Armstrong et al. 2015; Saleh et al. 2016; Monnet
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2018; Das etal. 2020; Cui et al. 2021), only few studies have investigated the link between the dislocation microstructure
and the mechanical behaviour changes (including hardening) induced by the irradiation defects in the fuel. In pristine
conditions, the deformation of UO, single crystals is characterised by dislocation glide in the 1/2<110>{001} slip
system but plasticity activity in 1/2<110>{110} and 1/2<110>{111}, respectively referred as deformation modes I, II
and I1I, is also observed (Byron 1968; Nadeau 1969; Yust and McHargue 1969; Sawbridge and Sykes 1971; Lefebvre
et al. 1976; Alamo et al. 1978; Keller et al. 1988a; Keller et al. 1988b). The deformation of UO, single crystals is
known to be highly thermally-activated due to the Peierls lattice friction. This latter induces temperature-dependent
dislocation glide processes up to a critical temperature Tc{hkl}, which depends on the deformation mode and above
which dislocation-forest interactions as well as high-temperature dislocation processes such as dislocation cross-slip
and climb take place. Compressing stoichiometric UO, single crystals, Sawbridge and Sykes have shown that mode
I and II slip systems can be activated independently, in contrast to mode III for which dislocations are only observed
under multi-slip conditions (Sawbridge and Sykes 1971; Keller et al. 1988b). In the lattice friction regime, experimental
critical resolved shear stresses (CRSS) are lower in the 1/2<110>{001} slip system, which confirms the easier glide of
mode I dislocations when compared to the two other deformation modes (Byron 1968; Nadeau 1969; Sawbridge and
Sykes 1971). Dislocation activity in the 1/2<110>{001} slip system was recently confirmed using micro-compression
testing (Frazer and Hosemann 2019). Also, Nadeau hypothesises that dislocation glide in the thermally-activated
regime proceeds by a kink-pair mechanism (Nadeau 1969) as commonly observed in body-centered cubic (BCC) metals
(Rodney and Proville 2009; Naamane et al. 2010; Cereceda et al. 2016) and other cubic metal oxides (Messerschmidt
2010; Amodeo et al. 2011; Amodeo et al. 2016; Portelette et al. 2018). Since then, atomistic simulations have confirmed
that the 1/2<110>{001} slip system is the easiest to activate (as in the experiments), both 1/2<110>{110} and
1/2<110>{111} slip systems being characterised by a more significant lattice friction (Fossati et al. 2013; Skelton
and Walker 2017). Otherwise, the kink-pair mechanism was confirmed by several numerical studies focusing on the
mobility of edge 1/2<110>{001} and screw 1/2<110>{110} dislocations (Lunev et al. 2017; Lunev et al. 2018; Soulié
et al. 2018; Borde et al. 2022). Peierls stress (minimum stress to move a dislocation at zero temperature) calculations
performed by Skelton and collaborators are consistent with these conclusions (Skelton and Walker 2017). However,
less is known about dislocation slip in UO, in the athermal regime of deformation (T’ >Tc{hk”). Portelette et al. have

estimated the athermal transition temperature TH{OOI} at about 1750 K after post-processing several experimental data
sets (Portelette et al. 2018). The same group also investigated the role of dislocation-forest interactions and cross-
slip using discrete dislocation dynamics (DDD) but without considering irradiation (Portelette et al. 2020; Madec
et al. 2023). Their DDD outputs (interaction matrix coefficients) have recently been integrated into a crystal plasticity
framework to investigate polycristalline UO, (Lindroos et al. 2023). Absorption of vacancies at screw dislocations was
simulated (Liu et al. 2019) but the effect on the mobility was not investigated.

Irradiation-induced dislocations in UO, were investigated using transmission electron microscopy (TEM) (Whapham
1966; Jonnet et al. 2008; Onofri et al. 2016; Onofri et al. 2017; Onofri et al. 2020). Irradiation loops are unfaulted and
of interstitial type with a Burgers vector along 1/2<110>. The various studies agree that the nucleation and growth
of irradiation loops obeys a multi-stage process. First is the nucleation regime where the loop average nucleation size
is estimated in the 3-7 nm range (low to intermediate irradiation dose). This stage is characterised by a net increase
of the prismatic loop density before it reaches a steady-state, as also described by other authors (Ye et al. 2011; He
et al. 2014). Then, the growth and coalescence stages show an increase of the prismatic loop average diameter and
the coalescence of the larger loops into dislocation lines (larger irradiation dose). This process was also interpreted
as a migration-coalescence process by He et al. using in situ TEM experiments at ~1100 K (He et al. 2014). Finally,
a steady-state regime takes place where the prismatic loop density slightly decreases concomitantly to the nucleation
of additional loops lying in-between the dislocation lines. Onofri and collaborators proposed that the coarsening of
irradiation loops in UO, is due to an Ostwald ripening process characterised by the dissolution of small loops and
absorption of interstitial atoms into larger loops (Onofri et al. 2016). Finally, the decrease of the loop density observed
within the fourth stage is attributed to the interactions of the prismatic loops with each other as well as with primary
dislocations. During this last stage, He et al. did not mention any decrease of the prismatic loop diameter (He et al.
2014). Le Prioux et al. have investigated the structure of {110} and {111} prismatic loops in UO, using atomistic
simulations using a rigid-ion model (Le Prioux et al. 2016). {110} unfaulted prismatic loops have proved to be more
stable when compared to {111} faulted loops assuming a critical size larger than few tens of UO, molecules. An atomic
structure of the {110} prismatic loop was also proposed by Onofri et al. (Onofri et al. 2017). Molecular dynamics (MD)
simulations have been intensively used to study irradiation effects on materials (Nordlund 2019). In UO,, it has been
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shown that interstitial dislocation loops appear spontaneously after irradiation-induced displacement cascades due to a
loop-punching process (Van Brutzel et al. 2008; Martin et al. 2010). Martin ef al. have identified subnanometric faulted
{111} prismatic loops evolving into the same unfaulted {110} loop than those observed by Le Prioux et al. as the loop
diameter increases during irradiation simulation (Martin et al. 2010). This unfaulting mechanism involves a Shockley
partial dislocation as described in the work of Chartier et al. (Chartier et al. 2016). Overall, these studies confirm the
higher stability of the unfaulted {110} prismatic loop when the loop diameter exceed the nanometer, as observed in
aforementioned TEM experiments.

While individual primary 1/2<110>{001} dislocations and irradiation-induced {110} loops were widely characterised
in recent years, very little is known about their interactions and how the latter may impact the fuel pellet mechanical
behaviour at low-to-intermediate dose and, consequently, the cladding mechanical integrity during accidental
conditions. In the present work, we use MD and DDD to investigate for the first time the interactions between
1/2<110>{001} glissile dislocations and {110} irradiation prismatic loops in UO, under accidental operating
conditions, and quantify their contribution to hardening. We first characterise the possible contact reactions between
individual primary dislocations and prismatic loops using MD at 2000 K as function of their relative orientation.
A particular attention is paid to the various mechanisms (cross-slip, junction formation, etc.) involved during the
reactions. To allow for an upscaling, each reaction characterised using MD is reproduced using DDD, confronting
the elastic theory to atomic-scale observations. Finally, DDD is used to simulate the behaviour of 1/2<110>{001}
primary dislocations gliding through a population of {110} irradiation loops typical of experiments and model the
strengthening induced by the collective behaviour of irradiation dislocation loops. This study makes it possible to
outline irradiation hardening in the main nuclear fuel for the first time via a multi-scale modelling approach.

2. Simulation methods

MD setup o DDD setup
“ T— Tzxory,
i < digtion loop AW
/‘\ = /\/
primary dis sloca?m‘ I i e
dlide plane ‘
// \J\ ‘ / iir‘\%mﬁ)ﬁi
: ‘1
2=[001] ‘ = 1
y=[110] T:’; or 7//
x=[|10] L.
a) x b)

Figure 1: Simulation protocol to study the local interaction between a glissile dislocation and a single irradiation loop
using a) MD and b) DDD. The glissile dislocation line is oriented along y=[110], perpendicularly to the slip plane normal
z=[001]. The Burgers vector is along x or y depending on the dislocation character (edge or screw, respectively). The
{110} habit plane of the irradiation loop and its Burgers vector b, are oriented along x in the figure but the y and [011]
orientations are also investigated. The same simulation cell length L,=24.4 nm, L ,=24.6 nm and L,=23.9 nm is used for
both simulation methods. U and O defect atoms in MD are coloured in blue and red respectively (perfect crystal atoms are
removed for the sake of clarity) while dislocation lines and nodes are coloured in light-grey in the DDD subfigure. Primary
dislocation glide plane and irradiation loop habit plane are coloured in green and red, respectively.

Here we use atomistic and DDD simulations to investigate dislocation vs. prismatic loop interactions and the resulting
hardening in UO, under accidental operating conditions. MD simulations are performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) (Thompson et al. 2022) and the rigid-ion potential
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adjusted by Potashnikov er al. (Potashnikov et al. 2011). This potential was recently successfully used to model
dislocation core and mobility in UO, (Lunev et al. 2017; Lunev et al. 2018; Borde et al. 2022). Following the previous
work of Borde et al. (Borde et al. 2022), the Wolf truncation method is used to handle coulombic interactions with the
Wolf radius and damping coefficient set to 11 Aand 03 AL, respectively. Short-range interactions are also cut-off at
11 A. Atomic configurations are characterised using Ovito (Stukowski 2009) and the polyhedral template matching
(PTM) crystallography algorithm (Larsen et al. 2016) applied to the uranium face-centered cubic (FCC) sublattice.

In MD simulations, glissile dislocations are modelled using the dislocation dipole method (Cai et al. 2003; Rodney
et al. 2017) to build neutral dislocation cores in UO, without charge excess in a 3D-periodic simulation cell, see
discussion in (Borde et al. 2022). Both edge and screw dipole configurations are modelled using a simulation cell
oriented along x=[110], y=[110] and z=[001] that is sufficiently large (L,=24.4 nm, Ly=24.6 nm and L,=23.9
nm) to avoid dislocation interactions within the dipole and with periodic replica. The dislocation-loop interaction
simulation follows a well-established protocol inspired by what is usually done in metals (Rodney 2004; Bacon et al.
2009; Arsenlis et al. 2012; Erel et al. 2017). As shown in Figure 1a, a stoichiometric and unfaulted {110} interstitial
loop typical of UO, (see Le Prioux et al. 2016 and aforementioned TEM literature) is inserted in the simulation cell in
front of one of the glissile dislocations. For that purpose, a temporary-free space is first generated at the location of the
loop by displacing the atoms apart using the Barnett formulation of displacement fields (Barnett 1985) as implemented
in ATOMSK (Hirel 2015). Then, a square-shaped loop of edge length /, made of two <110>-oriented crystalline planes
is inserted filling the empty space. As in the work of Le Prioux et al., the square prismatic loop is made of two pairs
of parallel edge dislocations of same Burgers vector b,=1/2<110> lying in {001} and {110} crystallographic planes,
respectively. The square shape of the extended defect is neutral-charged, which guarantees to preserve the stoichiometry
of the sample. Prismatic loop with /, ranging from 3 to 8 nm were considered as observed in experiments, with a special
focus on /,=5 nm. After constructing the initial configuration, the internal energy of the system is minimised allowing
for the full simulation cell relaxation i.e., the six terms of the global stress tensor have a zero pressure target, using
molecular statics and a force norm criterion of 10710 ¢V/A. Then, the system is heated up to 2000 K (temperature
typical of the accidental operation regime) at a heating rate 7=50 K/ps using MD and the Nosé-Hoover thermostat
in the NPT ensemble before running an additional 10 ps equilibration at constant temperature. A timestep 6t=1 fs
is used for all MD simulations in the study. Contact reactions between glissile dislocations and prismatic loops are
investigated at 7=2000 K under an applied shear stress 7=900 MPa. The stress component of interest (7, for the edge
dislocation and 7, for the screw dislocation) is monitored using the Nosé-Hoover barostat while the other components
are maintained at zero.

DDD simulations are performed using the parallel nodal code Numodis that was recently used to investigate the
influence of irradiation-induced defects in metals such as iron and zirconium alloys with one-to-one comparison to
MD simulations (Drouet et al. 2014; Shi et al. 2015; Li et al. 2019). From a technical point of view, Numodis is a C++
nodal DDD code, in which dislocations are described using nodes interconnected by segments characterised by their
Burgers vector and glide plane. In this study, the force acting on a node is computed using the non-singular dislocation
theory (Cai et al. 2006) with a core-width equal to the Burgers vector amplitude b and the analytical formulation derived
by Arsenlis ez al. (Arsenlis et al. 2007). A lattice parameter ay=5.43 A is used as well isotropic elastic properties v=0.3
and u=74 GPa, close to experimental 2000 K conditions (Jackson et al. 1986).

The velocity of each node is computed using a classical variational approach (Weygand et al. 2002; Cai et al. 2006)
and dislocation segments are displaced according to an overdamped equation of motion, v(r) = 7.b/B;, with B; the
damping coefficient used to describe dislocation glide in slip mode i in the athermal regime of deformation. Here we
use B;=2.2 1073 Pa.s for the 1/2<110>{001} glissile dislocations as well as for the prismatic loop edge segments
lying in {001} planes. This value is derived from MD simulations of 1/2<110>{001} dislocation mobility using
the same Potashnikov potential and performed in the same temperature range (Borde et al. 2022). In the absence
of quantitative data about the 1/2<110>{110} edge dislocation mobility in UO,, B;; was artificially set four times
larger for the prismatic loop edge segments in {110} planes (B;;=8.8 1073 Pa.s) scaling with the larger CRSS
values measured for the deformation mode II at 2000 K (Nadeau 1969; Fossati et al. 2013; Portelette et al. 2018).
Dislocation contact reactions (junction, annihilation, crossed-states, efc.) in Numodis are computed using the elastic
theory, allowing to model dislocation microstructure evolution and strain hardening. As inspired from the work of
Bulatov and collaborators (Bulatov and Cai 2006; Arsenlis et al. 2007), a collision detection algorithm is used to predict
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incoming dislocation contact reactions. Also, a cross-slip criterion for the screw dislocation is used to model cross-slip
from 1/2<110>{001} to either 1/2<110>{110} or 1/2<110>{111} slip systems, as observed in UO, experiments
at temperatures beyond 1600 K (Yust and McHargue 1969; Sawbridge and Sykes 1971). Note that cross-slip is not
always activated in the following simulations and its use will be explicitly mentioned. The cross-slip model relies on
a simplified approach of the Friedel-Escaig model as developed by Kubin for FCC metals (Kubin 2013), and adapted
to the fluorite crystallography for which several slip modes have to be considered. Indeed, here the shear stress in the
cross-slip system 7, is directly compared to stress in the primary slip system 7, after the screw segment identification
(6<2°, with 0 the angle between b and the line vector [), instead of using the FCC stage III stress. Probable cross-slip
system (css) geometries are provided as simulation inputs. From there, if 7, >7/tol at a dislocation node (with to/
a tolerance factor), one computes the cumulative screw length /; for which the previous condition is verified and the
cross-slip probabilities in all the possible css are computed as,

lS 5t _AH() Vressl=7s)

P(IS’TCSS) = %étOAe kyT o kpT (1)

where ;=1 um and 6#,=1 ns are characteristic length and time in the range of the DDD discretization space, =1 fs is
the DDD timestep (equivalent to the MD one to allow self-comparison), k, T is the Boltzmann factor and A=7500is a
scaling prefactor. Cross-slip activation parameters A Hy=2.8 eV and ¥'=250 nm? as well as t0/=0.9 are set to mimic
parts of MD observations, they will be further discussed in the following.

Two setups are used for the DDD simulations. Firstly, local interactions between individual glissile dislocations and
prismatic loops are investigated in the same conditions as in MD (Figure 1). This allows to check the parameters
introduced in Numodis (e.g., mobility, cross-slip parameters) and verify the application of the isotropic elastic
theory to dislocation-irradiation loop interactions in UO,. To be as close as possible to the MD conditions, DDD
is performed using periodic boundary conditions (PBCs) with the same simulation cell dimensions, timestep and
shear stress conditions. Also, the dislocation dipole and irradiation loop are inserted at exact same locations as in the
MD simulation. Besides mimicking the MD simulation, the DDD-MD self-similar setup is used to run a parametric
study focusing on the influence of the applied shear stress on the dislocation vs. prismatic loop interaction. Secondly,
statistical DDD simulations are performed to investigate the hardening induced by a large number of {110} prismatic
loops (Figure 2). For that purpose, an extended simulation volume of 200x200x50 nm? size and a single glissile
edge or screw dislocation are used, as illustrated in Figure 2. Here, PBCs are used in the dislocation glide plane while
free-BCs are applied in the z-direction normal to the glide plane. A density of square-shaped irradiation loops p,=10%?
m~3 is simulated, corresponding to densities measured experimentally (Onofri et al. 2016). For this second setup, a
constant shear rate =103 s~! corresponding to an averaged dislocation velocity of 2.5 m.s~! is used. DDD simulations
are analysed using the Paraview software (Henderson et al. 2004).

0 u] g di o 0
0o g _— — 0 U
u] og 0 0 0 ]
5] 0
o © '
0

z=(001]
y=[110] U
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Figure 2: Statistical dislocation-prismatic loop DDD simulation at constant shear rate. The simulation cell contains a

glissile {001} dislocation located at the centre of the box and a population of {110} irradiation loops with a density
2 -3

p,=10"" m~.
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3. Simulation results

Due to symmetries, six dislocation-loop configurations (3 for the primary edge dislocation, 3 for the screw) labelled
cases #1 to #6 need to be investigated. The six configurations are described in Figure 3 and summarised in Table 1.
The angle f formed by the Burgers vectors of the glissile dislocation and the prismatic loop (b; and by, respectively) is
either 0° (parallel Burgers vectors, cases #1 and #4 for the edge and screw dislocations respectively), 90° (perpendicular
Burgers vectors, cases #2 and #5) or 120° (cases #3 and #6). In the following, glissile dislocation vs. prismatic loop
reactions are rationalised in terms of hardening-induced intensity, namely weak, intermediate and strong interactions.
The classification proposed by Bacon et al. (Bacon et al. 2009; Osetsky and Bacon 2012) is used to summarise the
different reaction products as shown in Table 1:

e R1: the obstacle and dislocation remain unchanged;
e R2: the obstacle is modified by the interaction, but the dislocation remains unchanged;
e R3: the obstacle is partially or entirely absorbed by the dislocation in the form of a superjog;

e R4 : the obstacle is temporarily absorbed on the screw dislocation in the form of a helical turn.

\

Cases 2 and 4 : b, =1[110]

Cases 1 and 5 : b, =3[110]
Cases 1,2 and 3: Cases 4,5and 6 :

b, =3[110] W4 b, =3[110]

Cases 3 and 6 : b, =3[011]

Figure 3: Dislocation-prismatic loop configurations as function of the Burgers vectors (red arrows) relative orientation.
Due to symmetries, the (001) edge with b,=1/2[110] and the screw dislocation with b,=1/2[110] are studied interacting
with three {110} prismatic loops characterised by b,=1/2[110], 1/2[110] and 1/2[011], respectively.

3.1. Weak hardening

The first case considered is case #2, characterised by the interaction between a 1/2[110] edge dislocation and a prismatic
loop with a perpendicular Burgers vector (§=90°), see Figure 4. The glissile dislocation line direction and the Burgers
vector of the prismatic loop are both oriented along [110]. For /, >5 nm in the MD and DDD simulations, the mobile
dislocation goes through the prismatic loop without notable attraction or repulsion, as expected from the elastic theory
in the case of dislocations with orthogonal Burgers vectors. Furthermore, no clear contact reaction is observed. Indeed,
using the Frank criterion b2=b5+bi (with b; the Burgers vector length of the junction that could possibly form) and
since f=90°, we observe that the Hirth;,;; junction that could result from the interaction between a 1/2<110>{001}
glissile dislocation and a {110} prismatic loop segment with orthogonal Burgers vectors is only marginally stable, as
discussed in the work of Portelette et al. who considered dislocation-forest interactions in UO, using DDD (Portelette
etal. 2020). In this work, the authors showed that the Hirth; /;; junction formation probability is low and often leads to a
crossed state (attractive configuration without junction formation). The corresponding hardening coefficient obtained
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Table 1

{001} dislocation vs. {110} irradiation loop reaction table in
UO,. f is the the angle between the two Burgers vectors. R1
to R4 refer to Bacon et al. classification (Bacon et al. 2009;
Osetsky and Bacon 2012).

Dislo. character Case p Hardening Bacon class.
#1 0° intermediate R3
edge #2 90° weak R1
#3 120° intermediate R3
#4 0° strong R4
screw #5 90°  intermediate R1
#6 120° strong R4

by Portelette et al. is particularly low (g = 0.09). Therefore, case #2 should only have a limited contribution to
irradiation-hardening in UO, by analogy. This reaction is of R1 type according to Bacon et al. classification. Finally,
one can note that point defects are emitted during the reaction in the MD simulation, confirming previous observations
(Luneyv et al. 2017; Soulié et al. 2018).

/5
I
N
=
o
o

\<%[110]

Figure 4: Interaction between a 1/2[110](001) edge dislocation and a 1/2[110](110) prismatic loop (case #2, #=90°, /,=80
A). (a-c) MD simulation. Dislocation atoms identified using the PTM algorithm are shown in grey. Lines and arrows show
dislocation lines and Burgers vectors (black: glissile dislocation, red: irradiation loop), (d-f) DDD simulation. Dislocation
lines and Burgers vectors are coloured in grey and red, respectively.

A constant shear rate DDD simulation with the same 1/2[110](001) edge dislocation gliding through a population
of 1/2[110](110) prismatic loops (/,=5 nm, p,=10?> m~3) is illustrated in Figure 5. The simulation shows that the
dislocation is only weakly impacted by the prismatic loops, as expected from the local interaction simulations described
above. The glissile dislocation interacts with the loop vertical segments leading to Hirth junctions that break easily.
Also, one can notice interactions with the horizontal segments of the prismatic loops that pin the edge dislocation
(Figure 5a). As shown in Figure 5b, these interactions slightly influence the mechanical response that becomes jerky
with a maximum stress increase of about 30 MPa, typical of a weak hardening.
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Figure 5: DDD simulation at constant shear rate of a 1/2[110](001) edge dislocation gliding through a population of
1/2[110](110) prismatic loops (case #2, [,=5 nm, p,=10"> m=3). (a) lllustration of the pinning process of the glissile
dislocation by a prismatic loop. (b) Stress-strain curves with (black) and without (red) irradiation defects.

The dispersed barrier hardening (DBH) model (Seeger 1958) allows to express the hardening due to randomly localised
obstacles as a function of their density and size with the following relationship,

At = auby;\/ Nd ()

where At =<7>—71 is the shear stress increase induced by the population of defect obstacles, <z> and 7, being the
shear stress with and without defects respectively (see e.g., Figure 5b), a the hardening coefficient, N =p, the irradiation
loop density and d is the average loop diameter (here d = [},). The flow stress in presence of irradiation loops <7> is
calculated as the average of the stress peaks that is the relevant obstacle strength measure (Rodney and Proville 2009).
A square-root dependence with a hardening coefficient a=0.06, slightly lower than the hardening coefficient obtained
for the Hirthy,; junction (as=0.09+0.02) by Portelette et al. (Portelette et al. 2020), is observed when plotting the
stress increase measured in the DDD simulations as a function of the loop density p, (Figure 6). This result confirms
that the interaction of 1/2<110>{001} edge dislocations with {110} irradiation loops with an orthogonal Burgers
vector generates only weak hardening.

I I I I
_120_ gg;gg—
© 90 . .
= 60 - :
q 302 —
O | | | | |

0 2 4 6 8 10 12
p,x10%2 [m?3]

Figure 6: Strengthening Az vs. irradiation loop dislocation density p, (case #2, f=90°, /,=50 A). DDD results and
Equation 2 model are shown using black symbols and a red curve, respectively.

3.2. Intermediate hardening
We now consider cases #1, #3 and #5 that produce an intermediate hardening. Cases #1 and #3 correspond to a
glissile edge dislocation with f=0° and 120°, respectively. Figure 7a-c illustrates the local contact reaction for case
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#1 as simulated by MD. Here, the mobile dislocation and the loop have the same 1/2[110] Burgers vector. When the
dislocation comes into contact with the side segments of the loop (Figure 7a), collinear reactions (Madec et al. 2003)
occur on both sides, leading to exchanges between the dislocation arms and the loop segments (Figure 7b). As a result,
the mobile dislocation absorbs the upper part of the loop while its lower part remains below the dislocation glide plane.
In the process, the loop is cut in half and the dislocation acquires two superjogs that can be dragged away (Figure 7c)
since, for an edge dislocation, the Burgers vector is in the glide direction. This R3 interaction mechanism according to
Bacon et al. classification was observed for /,=30 and 50 Aandis perfectly reproduced using DDD (Figure 7d-f). Since
the superjogs can be dragged by the edge dislocation in its motion, case #1 does not show a strong static pinning but
only a drag effect i.e., a rate-dependent slowdown of the edge dislocation due to the reduced mobility of the superjogs.
The present collinear reaction is different from the forest col! inear?(}'] ; reaction studied by Portelette ez al. in case of
interacting mode I and II dislocations with same Burgers vectors (Portelette et al. 2020). The latter is characterised
by significant portions of the dislocations that annihilate leading to a strong static pinning and a significant hardening
coefficient (@5=0.81+0.05). Case #3 with f=120° will not be further discussed as it leads to the same formation of
superjogs on the 1/2<100>{001} edge dislocation with similar implications for irradiation hardening.

. Exchange of Double
Contact point dislocation arms super-jog

d) e) 7 )

Figure 7: Interaction between a 1/2[110](001) edge dislocation and a 1/2[110](110) prismatic loop (case #1, f=0°, 1,=50
R). (a-c) MD simulation. (d-f) DDD simulation. The same symbols and colour code are used as in Figure 4.

Case #5 in Figure 8 shows the interaction between a screw dislocation and an irradiation loop with perpendicular
Burgers vectors (§=90°). The MD simulation shows that once the screw dislocation comes close to the prismatic loop
(Figure 8a), it cross-slips in the (111) plane towards the bottom edge of the loop and creates a Hirth coplanar junction
with b j=[010] (Figure 8b). Except in the case of interfaces (Liu et al. 2011), coplanar junctions are rarely discussed in
the literature due to the low probability of having two dislocations in the exact same crystallographic plane. However,
the dislocation-prismatic loop interaction configuration at high-temperature is a system where this situation happens
more frequently due to the proximity of dislocation segments that can interact via thermally-activated cross-slip. Here,
the freshly-formed junction is marginally stable and quickly breaks, releasing the screw dislocation (Figure 8c) and
resulting in a R1 mechanism. This behaviour is reproduced in the DDD simulation when cross-slip is activated (Figure
8d-f). If not, the glissile dislocation shears the prismatic loop without contact reaction as expected by the elastic theory
when f=90° (same as case #2, Figure 4) and continues to glide (Figure 8g-i). Finally, DDD shows that the screw
dislocation mobility is only weakly impacted by the irradiation loop (f=90°), regardless of cross-slip.
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Figure 8: Interaction between a 1/2[110](001) screw dislocation and a 1/2[110](110) prismatic loop (case #5, f=90°,
1,=50 A). (a-c) MD simulation. (d-f) DDD simulation with cross-slip. (g-i) DDD simulation with cross-slip turned off. The
same symbols and colour code are used as in Figure 4.

Turning to the large-scale DDD simulations at constant shear rate, cases #1 and #5 show some similarities. When the
dislocation gets close to an irradiation loop, the latter pairs with the glissile dislocation and is pushed forward in the
b, direction due to the dislocation stress field. One can note that this mechanism operates without contact reaction i.e.,
the reactions described in Figures 7 and 8 are not observed in constant shear rate DDD simulations performed under
lower stress conditions. This process repeats each time the dislocation meets a prismatic loop, leading to the formation
of a cloud of irradiation defects surrounding the glissile dislocation. This process is illustrated in Figure 9a. Despite the
cloud formation, the dislocation continues to glide, dragging along the neighbouring defects (drag effect) and clearing
an entire domain within the sample. The latter leads to the formation of a clear band, a well-known process generally
observed in metals under irradiation (Sharp 1967; Robach et al. 2003; Nogaret et al. 2008).

Figure 9b shows the corresponding stress-strain curves. The stress increases at the beginning of the simulation as more
prismatic loops pair with the mobile dislocation i.e., the prismatic loop cloud formation slows down the dislocation.
After the dislocation has travelled slightly more than one simulation cell pass (~0.4% strain), the stress reaches a
steady-state plateau (c.a.,75 MPa for case #5, 110 MPa for case #1) that corresponds to the cloud saturation and the
formation of the clear band. The DBH model (Equation 2) can not be applied for cases #1, #3 and #5 due to the lack
of contact reactions and the dynamic aspect of the corresponding strain hardening. Overall, these cases are examples
of intermediate hardening induced by irradiation loops in UO, in the relatively high strain rate conditions imposed in
the DDD simulation. This later aspect will be further detailed in the discussion.

3.3. Strong hardening

The only cases of strong pinning are cases #4 and #6, which correspond to the interaction between a screw dislocation
and irradiation loops with parallel or 120° Burgers vectors (f=0° or 120°), respectively. Such a typical contact reaction
is illustrated in Figure 10 where a splitting process happens i.e., a collinear reaction with an arm exchange, when the
mobile dislocation comes into contact with the loop. Thus, the loop opens like a sheet of paper being torn, along the
dislocation line direction [110] and the loop is absorbed in the form of a helical turn on the screw dislocation. This
kind of reaction is ranked R4 according to Bacon et al.. As a consequence, the dislocation motion is stopped as, in
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Figure 9: DDD simulation at constant shear rate of a dislocation gliding through a population of 1/2[110](110) prismatic
loops (cases #1 and #5, [,=5 nm, p,=10%2 m~3). (a) lllustration of the drag effect characterised by the formation of a
cloud of prismatic loops (red halo) that surrounds the glissile dislocation at the root of clear band formation (case #5).
(b) Stress-strain curves obtained for case #1 (blue), case #5 (black) and without irradiation defects (red).

contrast with cases #1 and #3, a helical turn can not be dragged since it can only move along the dislocation Burgers
direction and not along its glide direction, leading to a strong pinning configuration. Rodney et al. have observed the
same helical configuration in FCC metals and have shown that the mobile dislocation can bypass the helical turn via
an Orowan process, which forces the helical turn to close onto itself to reconstruct the initial loop (Rodney 2004). This
was also observed here for a dislocation length of ~150 nm using DDD.

Helical turn

a) b) Opening of the loop c)
by the dislocation

Figure 10: Interaction between a 1/2[110](001) screw dislocation and a 1/2[110](110) prismatic loop (case #4, f=0°,
1,=50 A) leading to the formation of a helical turn. (a-c) MD simulation. (d-f) DDD simulation. The same symbols and
colour code are used as in Figure 4.

Figure 11 shows a large-scale DDD simulation for case #4. At the beginning of the simulation, the dislocation glides
under a moderate stress, but quickly gets strongly pinned by the formation of helical turns. The stress increases
considerably, reaching a critical value of about 1 GPa before unpinning (Figure 11b). This result confirms the strong
hardening effect of helical turns. The stress will vary further depending on the geometry of the encountered defects
e.g., the first stress peak observed in Figure 11b is related to the formation of two helical turns close to each other
while the next peaks at lower stresses starting near 0.8% strain correspond to successive pinning/unpinning sequences
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from single helical turns. Unpinning proceeds by moving the helical turns along the line to generate long enough
screw segments to undergo Orowan processes around the loops. In doing so, the loops are pushed to the sides, clearing
a region around the dislocation glide plane. This shovelling effect leads to the formation of a clear band as already
observed in cases #1 and #5.
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Figure 11: DDD simulation at constant shear rate of a screw dislocation gliding through a population of 1/2[110](110)
prismatic loops (case #4, I,=5 nm, p,=10%> m~3). (a) Formation of helical turns along the dislocation line. (b) Stress-strain
curves with (black) and without (red) irradiation defects.

4. Discussion

Hardening caused by dislocation vs. irradiation defect interactions has been widely studied in the literature, particularly
in metals. Among others, Osetsky et al. have investigated dislocation-loop and dislocation-stacking fault tetrahedron
(SFT) interactions using MD (Osetsky et al. 2006; Bacon et al. 2009). DDD was used to study grain-scale plastic flow,
modelling elementary dislocation-loop interactions in FCC metals (Zbib et al. 2000; Ghoniem et al. 2001; Nogaret
et al. 2008). Arsenlis et al. have used DDD to better understand the embrittlement and hardening of irradiated iron,
accounting for detailed dislocation-loop interactions (Arsenlis et al. 2012) and Cui et al. used DDD/FEM coupling to
apply barrier field models to irradiated materials (Cui et al. 2018). Also, Rodney (Rodney 2004; Nogaret et al. 2008)
and Baudouin et al. (Baudouin et al. 2015) have used MD to study the interaction between glissile dislocations and
Frank loops in Ni and Cu and a FeNiCr alloy, respectively. In the same way, Drouet et al. (Drouet et al. 2014) studied
the interactions between dislocations and irradiation loops in zirconium using DDD. Finally, Shi ef al. (Shi et al. 2015)
focused on dislocation-irradiation loop interactions using both MD and DDD in high-temperature ferrite. The authors
also investigated the role of a population of irradiation loops using MD. However, none of such approaches was applied
to irradiation in UO, up to now. With regards to the literature, the helical configuration observed in cases #4 and #6
is a classic case when a screw dislocation interacts with a prismatic loop with same Burgers vector, or when a faulted
loop or a SFT reacts with the screw dislocation, leading systematically to significant hardening (Rodney 2004; Bacon
et al. 2009; Drouet et al. 2014; Shi et al. 2015; Erel et al. 2017). The dislocation arm exchange and superjog formation
observed in case #1 (edge, f=0°) have also been observed in metals (Rodney and Martin 1999; Bacon et al. 2009;
Drouet et al. 2014; Baudouin et al. 2015). Various aspects related to stress amplitude, size effect, clear band formation
and the corresponding interaction mechanisms and hardening are discussed in the following.

Influence of stress

In the present study, local interaction simulations between individual dislocations and prismatic loops were performed
at an elevated applied stress (c.a., 900 MPa) when compared to stresses measured in experiments. This is due to the
reduced timescale imposed by the MD method. However, one can take advantage of the DDD technique to decrease the
stress level and the dislocation velocity as done in the DDD simulations at constant shear rate. Varying the shear rate
allows to verify the influence of the stress amplitude on the dislocation-loop interactions and check the transferability
of high-stress MD simulations to experimental conditions of deformation. Thus, additional DDD simulations were
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performed at shear rates ranging from )/'p=105 to 7 10% s~!, corresponding to a flow stress between 10 to 900 MPa,
depending on the investigated case. Although some interactions show no sensitivity to the shear stress (e.g., cases #4
and #5), others (case #1) exhibit significant differences. For 7, >10% s~! (equivalent to <z> larger than 60 MPa),
the arm exchange occurring in case #1 (edge dislocation, f=0°) is exactly the same as seen in Figure 7. However, at
Yp = 100 s~! (<z>~60 MPa), the prismatic loop starts to glide as the dislocation approaches, due to the repulsive stress
gradient induced by the latter. At this shear rate, the dislocation catches up with the loop that has a lower mobility due
to the slower mode II segments. However, lowering further the shear rate down to 103 s~ (<z>~10 MPa) amplifies
this effect i.e., the loop is pushed by the dislocation and the contact reaction no longer occurs. So, while the elastic
interaction between the dislocation and the prismatic loop is repulsive, the dislocation contacts with the prismatic loop
only if its mobility (and thus, the shear stress) is large enough for the dislocation to catch up with the loop. Otherwise,
the loops are simply dragged as observed in the large-scale DDD simulation of Figure 9. We thus observe a sensitivity
to the defects relative mobility in the DDD simulation that is not captured by high-stress MD simulations. While
only statistical massive simulations would be able to quantify the influence of this relative-mobility effect on strain
hardening, the repelled prismatic loops might still be stopped by local stress-field variations induced by neighbouring
defects, leading back to contact reactions. Also, this phenomenon relies strongly on the prismatic loop mobility that
requires more investigations, especially for mode II edge dislocation segments that have not yet been studied in the
literature. In a lesser extent, case #2 (edge dislocation, f=90°), which originally showed no reaction, also exhibits some
stress sensitivity. Indeed, the formation of a junction is observed when the mobile dislocation intersects the prismatic
loop if the shear rate is lowered down to 1.2 10 s™! (<z>~150 MPa) . However, the resulting Hirth, /11 junction is
only marginally stable and should not play a significant role in irradiation hardening.

Size effect

For the larger prismatic loops investigated here (/,>5 nm), we generally did not observe any size effect, whatever the
case studied. However, case #2 (edge dislocation, f=90°), that originally did not lead to contact reactions in the MD
simulation (see Figure 4), has shown a particular behaviour at lower sizes, /,=4 nm and below. As shown in Figure 12,
instead of shearing the prismatic loop, the glissile dislocation circumvents the /,=4 nm loop via a climbing process
during which several atoms of the prismatic loop are absorbed by the dislocation, leading to the formation of two
superjogs, similar to those observed in case #1. This corresponds to an R3 interaction mechanism. Similar results are
observed for /,=3 nm where even more atoms from the prismatic loop are absorbed. Finally, at a critical size of /;=5
nm, both mechanisms occur equally likely by simply changing the seed of atoms starting velocities.

Dislocation pinning Dislocation climb Truncated irradiation loop

Figure 12: Interaction between a 1/2[110](001) edge dislocation and a 1/2[110](110) prismatic loop (case #2, f=90°,
1,=40 A) leading to the formation of two superjogs. (a-c) MD simulation. Dislocation atoms identified using the PTM
algorithm are illustrated in grey. Lines and arrows emphasise dislocation lines and Burgers vectors (black=glissile dislocation,
red=irradiation loop).

When the prismatic loop is large (/,>1}), it behaves as four distinct dislocation segments and the interaction (loop
shearing without contact reaction) is correctly described by the elastic theory applied to infinite segments. However,
smaller loops (/,<I}) partially lose their dislocation character and behave rather as a cluster of interstitial atoms. In
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this case, parts of the cluster can be torn off upon contact with the mobile dislocation. This corpuscular behaviour
can only be observed in atomistic simulations since DDD is based on the elastic theory. However, we note that it
would be possible to implement a local rule in the DDD simulations to force the absorption of smaller loops by
gliding dislocations. Finally, it is worth noticing that the /;=5 nm critical loop size estimated here is in the exact
same range as the characteristic loop diameter measured in TEM experiments (Onofri et al. 2016). While further
experimental analysis would be required to identify the leading interaction process when smaller prismatic loops are
involved, the rapid increase of the loop diameter to /;=5 nm and beyond observed in the experiments (Onofri et al.
2016) suggests that the loop shearing mechanism observed for /,>/; should be active experimentally. Finally, one can
mention the influence of the dislocation length on the release of the helical turn (case #4) described in Figures 10
where the competition between the dislocation arm length and the irradiation loop density might influence hardening.
More statistics running additional DDD simulations with various dimensions and defect densities might help to predict
possible variations in the stress response.

Shovelling and clear bands

Assuming a defect microstructure made of {001} glissile dislocations and randomly distributed {110} irradiation loops,
{001} edge dislocations should be more mobile than screw dislocations and should therefore be shorter. Indeed, our
simulation results summarised in Table 1 show that the glide of {001} edge dislocation is not significantly hampered
by irradiation loops while screw dislocations are strongly pinned by helical turns. This, in addition to the lower elastic
line energy of screw dislocations that already favours dislocation extension along the Burgers vector direction, should
favour the development of an anisotropic dislocation microstructure made of extended screw dislocation segments
and shorter edge segments. As already discussed, multiple helical turns can form along a single screw segment and
a shovelling mechanism, during which the dislocation pushes the helical turns along its line to produce long screw
segments able to circumvent the helical turns, was observed during case #4 DDD simulations. Also, as in the case
of a drag effect, shovelling makes the irradiation loop density spatially heterogeneous and leads to the formation of
defect-free clear bands as illustrated in Figure 13.
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Figure 13: Clear band formation during a DDD simulation at constant shear rate of a screw dislocation gliding through
a population of 1/2[110](110) prismatic loops (case #4, [,=5 nm, p,=10?2 m~3).

In the constant shear rate DDD simulation, the clear band already forms after the first passage of the glissile dislocation.
So, we can conclude that it should easily form during plastic deformation, leading to plastic localisation and promoting
further the deformation of the material. Clear band formation was analysed by Sharp ef al. in FCC metals using TEM
(Sharp 1967). More recently, Robach et al. have investigated dislocation-irradiation defect interactions in copper and
identified channels cleared of irradiation defects after the passing of screw dislocations (Robach et al. 2003). Finally,
Nogaret et al. have illustrated the same mechanism using DDD simulations of glissile dislocations interacting with
Frank loops in copper (Nogaret et al. 2008). In their work, the authors have shown that the first dislocation passing
through the simulation cell was characterised by many pinning points. It was also mostly responsible for the shovelling
observed during the simulation, modifying the defect microstructure and allowing the next dislocations to glide more
easily, leading to a channelling effect in a band cleared of irradiation defects. The present simulations fully confirm
this scenario in UO,.
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In the present case, clear bands can form by both the drag (case #5) and shovelling (cases #4 and #6) of the prismatic
loops by screw dislocations. One can assume that edge dislocations will play a limited role because of their shorter
lengths. Moreover, only the unpinning from helical turns requires a high stress and thus, irradiation hardening is mostly
controlled by this process. Helical turn formation on screw dislocations thus plays a central role in clear band formation
and irradiation hardening. The same conclusion was reached in FCC metals (Nogaret et al. 2008), thus confirming the
similarities observed between metals and metal oxides in terms of hardening processes happening during irradiation.

Irradiation-hardening modelling

In DDD simulations at constant shear rate, at least two cases (cases #1 and #5) lead to the drag of the prismatic loops
induced only by long-range interactions with the glissile dislocations. The DBH model (Equation 2) being only valid
in case of 1) contact reactions between dislocations and 2) homogeneously distributed defects, it does not apply to
these cases. On the other hand, both configurations are characterised by a dynamical hardening process that can be
rationalised using the Orowan’s rate equation y,=p,,b,v(r), where p,, is the mobile dislocation density. Indeed, the
stress increase Az has shown to be particularly sensitive to the shear rate decreasing from Az=92 to 15 MPa when
the shear rate was decreased from y=10> down to 10* s~! in case #1. Also, quantifying hardening in cases where
helical turns form (case #4) is particularly complex. In particular, we did verify that case #4 does not follow the DBH
model but exhibits a complex behaviour that does not depend only on the loop density p,. Also, it was shown in metals
(Rodney 2004) that the unpinning stress of a straight periodic screw dislocation from a helical turn follows the Orowan’s
stress law, as modified by Scattergood and Bacon (Scattergood and Bacon 1975). However, in the case of a large-scale
simulation, the irradiation-defect microstructure evolves during the simulation, which hinders application of Equation
2. Thus, one of the main conclusions of this work is that the strengthening dependence in terms of defect density
is not as straightforward as is generally thought and, for those cases, new strain-hardening models accounting for the
influence of delocalized and heterogeneous densities of obstacles are required. Finally, case #2 is the only configuration
where the dispersed barrier model can be applied although again with some reservation as non-contacting segments
pinning the dislocation were also observed in addition to intersecting segments (see Figure 5a). And the corresponding
resistance is low, such that we do not expect this reaction to play any significant role in irradiation hardening. Simple
irradiation hardening coefficients as obtained using Equation 2 are therefore difficult to derive and probably physically
irrelevant because most of the interaction cases between dislocations and irradiation loops do not satisfy the conditions
to apply the DBH model (localised defects, homogeneous distribution of defects, ezc.). From a more global perspective,
the strengthening (or softening) induced by the interaction between glissile dislocations and other irradiation defects
such as vacancies, Frenkel pairs or fission gas bubbles should be further investigated to provide a fully comprehensive
analysis of irradiation-induced hardening in UO,. This opens the road to the development of new and more versatile
hardening models that should help to model the mechanical properties of nuclear materials.

5. Conclusion

This study focused on modelling the interactions of 1/2<110>{001} dislocations with {110} irradiation loops and
the induced hardening in the UO, fuel using MD and DDD simulations. All configurations depending on the primary
dislocation character and prismatic loop orientation were tested and, among others, we identified two cases (screw
dislocation vs. prismatic loop with parallel and 120° Burgers vectors, case #4 and #6) leading to a particularly
strong lock made of an helical turn, similar to those observed in irradiated metals. The formation of hard-pinning
configurations confirms the role played by irradiation-induced dislocations on the irradiation hardening of UO, fuel
in accidental conditions (T'=2000 K). Indeed, massive DDD simulations integrating a large population of irradiation
loops have shown that the flow stress under constant shear rate might increase by about 2 orders of magnitude, beyond
the GPa range, due to the multiplication of helical turn configurations. Furthermore, two mechanisms of loop drag
and shovelling were identified as precursors of clear bands (defect-depleted zones) and heterogeneous microstructures
of defects, very similar to those observed in irradiated metals. Nevertheless, most of the hardening configurations
observed here occur without dislocation contact reactions, which precludes a strict application of the existing DBH
model and irradiation-hardening quantification. New hardening models integrating non-local interactions between
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dislocations and irradiation defects are required.
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